The formative time of ~lectric breakdown in low-pressure (0.2 to 2.0 torr) hydrogen across a strong magnetic field (10 < ~'t' < 350; maximum B of 18 kG) has been measured in a coaxial cylindrical geometry. Attention was centered on the region of breakdown that occurs with a formative time , less than the time required for an electron to drift across the electrode gap in the applied fields. This crossing time was inferred by extrapolations of previous measurements by Bernstein. These formative time measurements are compared with a simplified theory that assumes a constant number of e-folding times until breakdown, and neglects electron losses as well as secondary productibn at the cathode. This model predicts that the formative time is inversely proportional. to the gas pressure and otherwise a function of only the ratio E/B and not of either field separately. The predicted pressure dependence is confirmed, but some deviations from the predicted functional dependence on E/B are found. These deviations are ~ttributed to electron losses along the magnetic field. A prediction of the magnitude of the formative time based on this simplified theory must necessarily involve extrapolation of certain previously obtained results.
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Such a prediction is found to be in reasonable agreement with the experimental values.
I. INTRODUCTION
We describe here a study of the formative time of the electrical breakdown of hydrogen gas in an electric field perpendicular to a strong -+ uniform static magnetic field. The magnetic field B is parallel to the electrodes, and it is of such magnitude that the electron gyrofrequency ~ is much greater than the electron collision frequency Tl In fact, during the period of ionization buildup the ratio of these frequencies ~T varies from 10 to 350 over the experimental range of pressure (0.2 to 2.0 torr) and magnetic field (6 to 18 kG). The voltage across the electrode gap is pulsed and rises toa value high enough above breakdown , threshold that the formative time turns out to be shorter than the time required for an.electron to drift from the cathode all the way to the anode (as inferred from the measurements py Bernstein l ). This condition,
-+ which requires electric fields E of several kilovolts per centimeter, means the breakdown is accomplished essentially by the primary avalanches alone, and the effect of secondary electrons released at the cathode can in a first approximation be neglected. It is thus not surprising that our resUlts differ markedly from those obtained by Deutsch,who investigated the formative time of cross-field breakdown involving several electron transit~.2
The simplifications under our condition permit theoretical predictions for
• the breakdown time as a function of the applied fields and the gas density.
('.
These predictions are based on extrapolated values of observed or computed ionization rates and drift speeds, for the authors are not aware of any direct measurements of these quantities in the phyical domain of the present experiment.
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In the crossed-field configuration with ~T » 1 the motion in the plane normal to the' magnetic field of a growing electron avalanche con-.1.
sists of a drift in the E x B direction and a slower drift in the -E direction, in the laboratory frame of reference. The velocity of the former drift is very
nearly given by vd~ cE x BIB, and the speed of the latter
' by means of which the electrons gain ene~gy from the electric field, is a result of the collisions between the electrons and the neutral. gas. For positive ions in this experiment the ratio of the gyrofrequency to the collision frequency is less than unity; therefore the positive ions drift essenti--+ ally straight along E to the cathode. The speed of this ion drift motion is much greater than vE~ .
II. THEORY
As an appropriate model we consider a cold neutral gas at rest with respect to the electrodes in uniform static orthogonal electric and magnetic fields with E < B (in gaussian units). The treatment is limited to the case of a s~trong magnetic field, 1. e., ~ T »1. We neglect any secondary electrons released from the cathode, and also any loss of electrons from the growing avalanche. All speeds are assumed to be nonrelativistic.
Rather than considering the problem in the laboratory frame (in which the drift motions are as described above), we choose to use a reference -+ frame moving at velocity vd with respect to the laboratory frame. In this , "drift frame" the electric field vanishes, and the gyrating electrons are .dfO ( 6fO)
where(dfO/dt)COll refers to the collisions with molecules only and electron-electron collisions are neglected. Thus the velocity distribution function is'determihed by the relative rates of all the collisional processes, and the magnetic field does not enter separately. Similarly, the gas pressure does not affect the velocity distribution function, even
though ~ . is admitted to be a function of velocity, because all the collision r~tes are proportional to the gas density.
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Physically it is expected that in a "few" mean collision times afterthe initiation of an avalanche the electron velocity distribution function reaches an "equilibrium,t shape at which the energy gain due to elastic • collisions is balanced by the energy loss due to inelastic· collisions.
Then the distribution function is of the form where ~ is the ionization rate. .In what follows the distribution function is assumed to be of this form.
The ionization rate ~ is given, to the lowest order in the spherical harmonic expansion, by (4) where ng is the gas density and cri(l~ + ~dl) is the ionization cross section. It therefore follows that the ionization rate, which is of course independent of the refe~ence frame, is proportional to the gas density and otherwise is a function of E/B only. Symbolically, this dependence can be expressed in the form As indicated in Fig. 1 , for the purpose of this paper the formative time TB is defined as the interval between the instant the applied voltage first reaches 85% of its full value and the point in tbne when a marked voltage decrease is discernible. For the circuit used in this experiment, the latter implies currents in the ampere range, so that electric-field of the discharge. We therefore argue that "breakdown" occurs when a certain avalance strength is reached, and we assume for simplicity that this critical ampliflcation is the same for all fields and pressures used. Our : .... criterion is thus analogous to that for midgap brea~down by the streamer mechanism in the absence of a m~gnetic field: 5 ( 6) where N is the number of electrons in the gap at time TB and NO is the initial number present.
It is recognized by the authors that the assumption that the critical avalanche amplificatio,n is the same for all fields and pressures used is probably not strictly valid. Due to, the exponential nature of the avalanche growth, however, it is evident that the formative time is much more sensitive to the ionization rate than it is to the critical avalanche amplifications, as is indicated by Eq. (6) . In view of the statistical scatter in the observed formative times (see Fig. 1 ), we argue that this assumption is reasonable for the work at hand.
FromEq. (6) , then, the observed formative time is expected to be inversely proportional to the gas pressure, and otherwise a function of -E/B only.
III. APPARATUS
As in the previous work by Bernstein,l our experiment was performed with coaxial cylin~rical electrodes having a gap much smaller than their radius so that a plane parallel configuration was closely approximated.
A cross-sectional diagram of the electrode structure is shown in Fig. 2 , and further details of its construction can be found elsewhere. It is seen that some direct effect ofB (or E) alone is observed. Figure   6 illustrates that similar deViations, notably at large values of B, occur when the gap spacing is varied. Each of the data bars in Figs. 5 and 6
is obtained from the slope of a straight line drawn through the points of 
The required extrapolation to large values of ~T and to the high drift speeds vd = cE/B of inter~st in our experiment is best accomplished by means of the equivalent-pressure concept introduced by Blevin and Haydon. 9 These authors showed that when the mean free time T is inde-
(1 2 2)1/2 pendent of electron energy the quantity pI = P + ~ T permits an approximate analytiC expression for a in the form
In the limit of very strong magnetic fields this relation reduces to (10) so that the product avE = ~ indeed is of the form (5).,
We must not expect Eq. however, that the computation had to make use of several poorly known cross sections.
B. Secondary Electrons f'rom the Cathode
As stated in the Introduction, we believe that in this experiment The only pOint we need to make is that in midgap breakdown the contributions from secondary avalanches can, ina first approximation, be neglected. It is difficult to see how otherwise the formative time could be strictly proportional to the inverse of the gas pressure.
C. Magnitude of the Critical Value of NINo
Prediction of the time TB also requires knowledge of the num·erical.
value of the critical ionization gain NINO that is postulated in Eq. (6).
Fortunately, an estimate only is sufficient because of the logarithmic dependence. As a first step we may argue, in analogy to the treatment of midgap brea~down at high gas density,5 that the breakdown goes to rapid completion (see and that our extrapolation for the ionization rate ~ is probably quite adequate. ~he remaining discrepancies are readily explained, at least in a qualitative way, as resulting from our neglect of/electron losses.
D. Electron Losses
The most serious oversimplification,' of the breakdown model discussed so far is the assumption that no electrons are lost from the system. In reality some electrons must be expected to reach one of the bounding surfaces during the buildup process. Because of this removal the net growth rate will always be, smaller than ~, so that the formative time is underestimated in our calculations. A quantitative treatment of such refinement becomes quite complex 6 and is therefore not attempted here. Instead, we present the major physical arguments in order to explain at least qualitatively the observed deviations from our simplified model. All part~ have cylindrical .symmetry about the center. The data lab~ed with the letter m are cases for which TB > Tc. -' "' \v 12
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This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Com~ mlSSlon, nor any person acting on behalf of the Commission:
A.
Makes any warranty or representation, expressed or implied, with respect to the accuracy, completeness, or usefulness of the information contairied in this report, or that the use of any information, apparatus, method, or process disclosed in this report may not infringe privately owned rights; or B.
Assumes any liabilities with respect to the use of, or for damages resulting from the use of any information, apparatus, method, or process disclosed in this report.
As used in the above, "person ac ting on beha If 0 f the Commission" includes any employee or contractor of the Commission, or employee of such contractor, to the extent that such employee or contractor of the Commission, or employee of such contractor prepares, disseminates, or provides access to, any information pursuant to his employment or contract with the Commission, or his employment with such contractor .
